We show numerically that a compact structure, consisting of multiple optical microcavities at both the entrance and exit sides of a subwavelength plasmonic slit, can lead to greatly enhanced directional transmission through the slit. The microcavities can increase the reflectivity at both sides of the slit, and therefore the resonant transmission enhancement. In addition, the microcavities can greatly improve the impedance matching, and therefore the coupling between free-space waves and the slit mode. An optimized structure with two microcavities on both the entrance and exit sides of the slit leads to ∼16 times larger transmission cross section per unit angle in the normal direction compared to the optimized reference slit without microcavities. We also show numerically that the operation frequency range for high emission in the normal direction is broad. 
Introduction
Resonant nanoscale metallic apertures can efficiently concentrate light into deep subwavelength regions, and therefore greatly enhance the optical transmission through the apertures [1] or the absorption in or below the apertures [2] [3] [4] . In addition, grating structures, consisting of periodic arrays of grooves patterned on the metal film surrounding the entrance of the aperture, can excite surface plasmons on the metal surface. The excitation of surface plasmons enhances the coupling of incident light into the aperture [1, 2, [5] [6] [7] [8] [9] [10] [11] [12] [13] . When a grating structure is also formed on the exit side of the aperture, the transmission of light through the aperture can be highly directional [5, 6, [14] [15] [16] [17] [18] [19] . Such beaming of light from metallic nanoapertures can lead to numerous applications which include enhancing the performance of near-field devices for microscopy and data storage, and reducing the beam divergence of light sources such as lasers [5, 20] . However, the period of such gratings on the entrance and exit sides of the aperture has to be equal to the surface plasmon wavelength, and several grating periods are required. Thus, when operating at optical frequencies, such structures need to be several microns long to lead to enhanced directional transmission through the aperture.
It was previously demonstrated that the use of a single microcavity at the entrance and exit sides of a subwavelength plasmonic slit, can enhance the transmission cross section of the slit [4, 21] . In addition, it was shown that a microcavity can greatly enhance the coupling efficiency between a metal-dielectric-metal (MDM) waveguide of wavelength-sized width and a MDM waveguide of subwavelength width [22] . It was also demonstrated that the use of multiple microcavities at the entrance and exit sides of a subwavelength slit filled with an absorbing material can greatly enhance the absorption cross section of the slit [23] .
In this paper, we show numerically that a compact structure, consisting of multiple optical microcavities at both the entrance and exit sides of a subwavelength plasmonic slit, can lead to greatly enhanced directional transmission through the slit. Our reference structure is an optimized subwavelength slit without microcavities. We show that the presence of the microcavities at the entrance and exit sides of the slit can lead to significantly larger reflectivity at both sides of the slit, and therefore to larger resonant transmission enhancement. In addition, the microcavities at the entrance and exit sides of the slit can greatly improve the impedance matching, and therefore the coupling between free-space waves and the slit mode. Such structures enhance both the incoupling of normally incident light from free space into the slit mode, as well as the outcoupling of light from the slit mode to free-space radiation in the normal direction. An optimized structure with two microcavities on both the entrance and exit sides of the slit leads to ∼16 times larger transmission cross section per unit angle in the normal direction compared to the optimized reference slit without microcavities. We also show numerically that, while all structures were optimized at a single wavelength, the operation frequency range for high emission in the normal direction is broad.
The remainder of the paper is organized as follows. In Section 2, we define the transmission cross section and the transmission cross section per unit angle of the slit, and employ single-mode scattering matrix theory to account for their behavior. The results obtained for the reference slit without microcavities, as well as for the microcavity enhanced structures are presented in Section 3. Finally, our conclusions are summarized in Section 4.
Transmission cross section and transmission cross section per unit angle
We consider a structure consisting of a single slit in a silver film with N microcavities at the entrance side, and M microcavities at the exit side of the slit [ Fig. 1(a) ]. We use silver for the metal film due to its relatively low material loss at near-infrared wavelengths. Other metals such as gold can also be used. The structures are compact with all microcavity dimensions limited to less than 1.6 μm.
We use a two-dimensional finite-difference frequency-domain (FDFD) method [24] to calculate the transmission through the structures as well as their radiation pattern. This method allows us to directly use experimental data for the frequency-dependent dielectric constant of metals such as silver [25] , including both the real and imaginary parts, with no approximation. We use perfectly matched layer (PML) absorbing boundary conditions at all boundaries of the simulation domain [26] . We also use the total-field-scattered-field formulation to simulate the response of the structure to incident plane waves from free space with the electric field in plane [27] .
We consider symmetric structures having the same number of microcavities on the entrance and exit sides of the slit (N = M), and the same microcavity dimensions
. This is due to the fact that the optimized structures which lead to maximum emission in the normal direction for a normally incident plane wave were found to be symmetric. In other words, a multiple microcavities structure, which is optimum for incoupling normally incident light from free space into the slit mode, is also optimum for outcoupling light from the slit mode to free-space radiation in the normal direction. For comparison of different configurations, we define the transmission cross section σ T of the slit as the total power radiated from the slit (per unit length in two dimensions) normalized by the incident plane wave power flux. In two dimensions, the transmission cross section has units of length (m). We also define the transmission cross section per unit angle σ of the slit as the power radiated from the slit per unit angle normalized by the incident plane wave power flux. In two dimensions, the transmission cross section per unit angle has units of length per angle (m/rad).
We develop a single-mode scattering matrix theory to account for the behavior of these systems [28] . We define the transmission cross section σ T1 of a silver-air-silver MDM waveguide of width w (in the unit of length in two dimensions) as the transmitted power into the waveguide from the structure above the entrance side of the slit of Fig. 1(a) , normalized by the incident plane wave power flux [ Fig. 1(b) ]. We also define r as the complex magnetic field reflection coefficient for the fundamental propagating TM mode in a silver-air-silver MDM waveguide of width w at the interface of such a waveguide with the structures at the entrance and exit sides of the slit of Fig. 1(a) [ Fig. 1(c) ]. Finally, we define the directivity D as the ratio of the radiation intensity in a given direction from the slit to the radiation intensity averaged over all directions [29] . We use FDFD to numerically extract σ T1 and r [23, 28, 30] . We also use FDFD to numerically calculate the directivity D(θ ) at an angle θ with respect to the normal as
where
is the far-field power density at a distance r FF above the slit, and at an angle θ with respect to the normal, and P out is the total power emitted through the slit (per unit length in two dimensions). Here η 0 is the free-space impedance, and H FF is the magnetic field in the far-field. We choose r FF to be sufficiently far, so that the numerically calculated directivity becomes independent of r FF [4] . The transmission cross section per unit angle of the slit at an angle θ with respect to the normal can then be calculated using scattering matrix theory as [23, 28, 30] :
where T = 1 −|r| 2 is the power transmission coefficient of the slit, η res =
is the resonance enhancement factor associated with the slit resonance, γ is the complex wave vector of the fundamental propagating TM mode in a silver-air-silver MDM waveguide of width w, and L is the length of the slit. Based on Eq. (1), we observe that, for fixed slit dimensions, w and L are fixed, so that the transmission cross section per unit angle of the slit σ is solely determined by σ T1 , r, and D. These three parameters in turn can be tuned by adjusting the geometrical dimensions of the microcavities at the entrance and exit sides of the slit.
Results
We first consider our reference structure consisting of a single subwavelength slit in a metal film [ Fig. 2(a) ]. In Fig. 2 (b) we show the transmission cross section per unit angle in the normal direction σ (θ = 0 o ) for such a structure as a function of the slit length L calculated using FDFD. The transmission cross section per unit angle is normalized with respect to w/π. A normalized transmission cross section per unit angle of one [σ /(w/π) = 1] therefore corresponds to a structure with transmission cross section equal to the geometric cross section of the slit (σ T = w), which radiates isotropically in all directions [D(θ )=1 for all θ ]. We found that, as the slit length L increases, the transmission cross section per unit angle in the normal direction exhibits peaks, corresponding to the Fabry-Perot resonances in the slit. In Fig. 2(b) we also show the transmission cross section per unit angle in the normal direction calculated using scattering matrix theory [Eq. (2)]. We observe that there is excellent agreement between the scattering matrix theory and the exact results obtained using FDFD. Similarly, excellent agreement between the results of these two methods is observed for all the structures considered in this paper ( Table 1 ). The maximum normalized transmission cross section per unit angle for the slit is ∼7.25 [ Fig. 2(b) ]. For such a structure the transmission cross section σ T1 of the corresponding silver-air-silver MDM waveguide with width w = 50 nm is ∼184 nm (Table 1) , which is significantly larger than w. This is due to the fact that subwavelength MDM plasmonic waveguides collect light from an area significantly larger than their geometric cross-sectional area [31] . In addition, the resonance enhancement factor associated with the slit resonance is η res ∼ 4.97, and the maximum transmission cross section of the slit is σ T ∼ 382 nm ( Table 1 ).
The properties of resonant apertures, such as the subwavelength slit in a metal film that we consider here, can be described using temporal coupled-mode theory [4] . Coupled-mode theory describes the interaction between a resonator and the surrounding environment using channels that couple to the resonance [32] [33] [34] . For the slit resonator one type of channel consists of free space plane waves propagating in different directions above and below the film [4] . If the metal is plasmonic, there are additional channels which consist of plasmonic modes at the top and bottom metal film surfaces [4] . The theory also includes loss channels associated with material absorption [4] . Based on temporal coupled-mode theory, the maximum transmission cross section for a subwavelength slit in a perfect electrical conductor (PEC) film is λ 0 /π [4] , which for λ 0 = 1.55 μm gives λ 0 /π ∼ 493 nm. As expected, the maximum transmission cross section of the slit in a plasmonic metal (σ T ∼ 382 nm) is smaller than the maximum transmission cross section of a similar slit in a PEC film due to the material losses in the plasmonic metal [4] .
In Fig. 3(a) , we show the profile of the magnetic field amplitude for the structure of Fig.  3(a) , normalized with respect to the field amplitude of the incident plane wave. The profile is shown for a slit length of L=474 nm, which results in maximum transmission cross section per unit angle in the normal direction. We observe that, as expected for a subwavelength slit in a metallic film, the radiation pattern is almost isotropic [4] . The calculated directivity in the normal direction is D(θ = 0 o )∼0.969 (Table 1 ). The directivity is smaller than one due to the presence of surface plasmon modes at the top surface of the metal film [4] . A portion of the light power exiting the slit couples to these plasmonic modes. The calculated directivity of the structure D as a function of the angle θ with respect to the normal is shown in Fig. 4 . Fig. 2(a) as a function of slit length L calculated using FDFD (black dots) and scattering matrix theory (red solid line). Results are shown for w=50 nm and λ 0 =1.55 μm.
We next consider a structure with a single microcavity at each of the entrance and exit sides of the slit [ Fig. 1(a) with N = M = 1]. With such a structure we aim to increase both the transmission of light through the slit as well as the directivity in the normal direction [4] . We use a genetic global optimization algorithm in combination with FDFD [23, 31, 35] to optimize the width and length of the two microcavities in the structure for maximum transmission cross section per unit angle in the normal direction σ (θ = 0 o ). All structures are optimized at a single wavelength of λ 0 =1.55 μm. However the structures can be designed to operate at other wave-lengths in the near-infrared and visible. As mentioned above, all microcavity dimensions are limited to less than 1.6 μm, and we consider symmetric structures. The maximum normalized transmission cross section per unit angle in the normal direction for such a structure is found to be ∼33.5 (Table 1 ). For such a structure the transmission cross section σ T1 of the corresponding silver-air-silver MDM waveguide is σ T1 ∼169 nm (Table 1) , which is slightly smaller than the cross section for a slit without microcavities (σ T1 ∼184 nm). Thus, for the optimized (N = 1, M = 1) structure the presence of the microcavity at the entrance side of the slit does not severely affect the coupling of the incident light into the slit mode. However, the presence of the microcavities at the entrance and exit sides of the slit results in significantly larger reflectivity |r| 2 at the sides of the slit compared to a slit without microcavities (Table 1) . Thus, the resonance enhancement factor for the optimized (N = 1, M = 1) structure is ∼24.8 which is ∼5 times larger than the one of the optimized reference slit without microcavities. In addition, the increased reflectivity at the sides of the slit leads to decrease of the power radiated from the slit. Thus, the power transmission coefficient of the slit for the optimized (N = 1, M = 1) structure is ∼2.6 times smaller than the one of the optimized reference slit without microcavities. Overall, the use of an optimized single microcavity at the entrance and exit sides of the slit results in a slit transmission cross section σ T ∼671 nm (Table 1) , which is ∼1.8 times larger than the transmission cross section of the optimized slit without microcavities.
In Fig. 3(b) , we show the profile of the magnetic field amplitude for the optimized (N = 1, M = 1) structure, normalized with respect to the field amplitude of the incident plane wave. We observe that for such a structure the directivity in the normal direction is increased compared to the slit without microcavities [ Fig. 3(a) ], and the radiation pattern is anisotropic. The calculated directivity in the normal direction is D(θ = 0 o )∼2.51 (Table 1) , which is ∼2.6 times larger than the one of the optimized slit without microcavities. Overall, such a structure, when optimized, results in 1.8 × 2.6 ∼4.7 times larger transmission cross section per unit angle in the normal direction compared to the optimized reference slit without microcavities [ Fig. 2(a) ]. The calculated directivity of the optimized (N = 1, M = 1) structure D as a function of the angle θ with respect to the normal is shown in Fig. 4 .
We note that the (N = 1, M = 1) structure can be considered as a system of three coupled resonators (the slit and the two microcavities at the entrance and exit sides of the slit). These are also coupled to free space propagating plane waves above and below the structure as well as to plasmonic modes at the top and bottom metal film surfaces. The two microcavities are MDM waveguide resonators of width w T1 = w B1 and length d T1 = d B1 . Due to the symmetry of the structure, normally incident plane waves can only excite even MDM modes in the microcavities. In addition, since the width of the optimized microcavities is smaller than the wavelength, only the fundamental MDM mode is propagating in the microcavities [28] . Since the width of the slit is much smaller than the width of the microcavities, the required length of the microcavities can be roughly estimated if the effect of the slit is ignored. Then each microcavity can be considered as a plasmonic transmission line resonator which is short-circuited on one side and open-circuited on the other [28] . Thus, the sum of the phases of the reflection coefficients at the two boundaries of the resonator is π. If we consider the Fabry-Perot resonance condition for the microcavities, we therefore find that the first resonant length of the microcavities is λ 0 /4, which for λ 0 = 1.55 μm gives λ 0 /4 ∼ 388 nm. This rough estimate is close to the calculated optimized microcavity length d T1 = d B1 = 430 nm [ Fig. 3(b) ].
To further enhance the transmission cross section per unit angle of the slit in the normal direction, we consider a structure with multiple microcavities at both the entrance and exit sides of the slit [ Fig. 1(a) ]. More specifically, we use the genetic optimization algorithm in combination with FDFD to optimize the widths and lengths of the microcavities in a (N = 2, M = 2) structure for maximum transmission cross section per unit angle in the normal direction σ (θ = 0 o ). Table 1 . Transmission cross sections σ T1 and σ T , reflection coefficient r, resonance enhancement factor η res , power transmission coefficient T , directivity in the normal direction D(θ = 0 o ), and normalized transmission cross section per unit angle in the normal direction σ (θ = 0 o )/(w/π) calculated using scattering matrix theory and FDFD. Results are shown for the optimized structures of Fig. 1(a) with (N, M) 
As before, the dimensions of the structures at both the entrance and exit sides of the slit are limited to less than 1.6 μm, and we consider symmetric structures. The maximum normalized transmission cross section per unit angle in the normal direction is found to be ∼113 (Table  1 ). For such a structure the transmission cross section σ T1 of the corresponding silver-air-silver MDM waveguide is σ T1 ∼645 nm (Table 1) , which is ∼3.5 larger than the cross section for a slit without microcavities (σ T1 ∼184 nm). Thus, for the optimized (N = 2, M = 2) structure the microcavities at the entrance side of the slit greatly enhance the coupling between free space waves and the slit mode. This is consistent with previous findings that optimized multisection structures can greatly improve the impedance matching and therefore the coupling between optical modes [23, 31] . In addition, for the optimized (N = 2, M = 2) structure the reflectivity |r| 2 at the sides of the slit is only slightly larger than the one of a slit without microcavities (Table 1) . Thus, the resonance enhancement factor η res for the optimized (N = 2, M = 2) structure is only slightly increased with respect to the optimized reference slit without microcavities (Table 1) . Overall, the use of two optimized microcavities at the entrance and exit sides of the slit results in a slit transmission cross section σ T1 ∼1432 nm (Table 1) , which is ∼3.7 times larger than the transmission cross section of the optimized slit without microcavities. In addition, unlike the optimized single-microcavity structure in which the increased transmission is associated with increased resonance enhancement in the slit, for the optimized double-microcavity structure the increased transmission is mostly associated with improved impedance matching between free space waves and the slit mode. In Fig. 3(c) , we show the profile of the magnetic field amplitude for the optimized (N = 2, M = 2) structure, normalized with respect to the field amplitude of the incident plane wave. We observe that for such a structure the directivity in the normal direction is further increased compared to the optimized slit without microcavities [ Fig. 3(a) ], and single-microcavity structure [ Fig. 3(b) ]. The calculated directivity in the normal direction is D(θ = 0 o )∼4 (Table 1) , which is ∼4.1 times larger than the one of the optimized reference slit without microcavities. Overall, the double-microcavity structure, when optimized, results in 3.7 × 4.1 ∼16 times larger transmission cross section per unit angle in the normal direction compared to the optimized reference slit without microcavities [ Fig. 2(a) ]. The calculated directivity of the optimized (N = 2, M = 2) structure D as a function of the angle θ with respect to the normal is shown in Fig. 4 . We observe that the radiation pattern of the optimized double-cavity structure is more anisotropic than the one of the optimized single-cavity structure. Fig. 2(a) , normalized with respect to the field amplitude of the incident plane wave. Results are shown for L=474 nm. All other parameters are as in Fig. 2(b) . (b) Profile of the magnetic field amplitude for the structure of Fig. 1(a) , normalized with respect to the field amplitude of the incident plane wave. Results are shown for N=1, M=1, and optimized parameters of (w T1 , d T1 , w B1 , d B1 ) = (1140, 430, 1140, 430) nm. All other parameters are as in Fig. 3(a) . (c) Profile of the magnetic field amplitude for the structure of Fig. 1(a) , normalized with respect to the field amplitude of the incident plane wave. Results are shown for N=2, M=2, and optimized parameters of (w T1 , d T1 , w T2 , d T2 , w B1 , d B1 , w B2 , d B2 ) = (1560, 500, 1200, 380, 1200, 380, 1560, 500) nm. All other parameters are as in Fig. 3(a) .
All structures were optimized for maximum transmission cross section per unit angle in the normal direction at a single wavelength of λ 0 =1.55 μm. In Fig. 5 , we show the normalized transmission cross section per unit angle in the normal direction as a function of frequency for the optimized slit without microcavities [ Fig. 3(a) ], single-microcavity [ Fig. 3(b) ], and doublemicrocavity [ Fig. 3(c) ] structures. We observe that in all cases the operation frequency range for high emission in the normal direction is broad. This is due to the fact that in all cases the enhanced emission in the normal direction is not associated with any strong resonances. In other words, the quality factors Q of the microcavity structures are relatively low. The full width at half maximum for the optimized double-microcavity structure is larger than the one of the optimized single-microcavity structure. This is due to the fact that, as mentioned above, for the optimized single-microcavity structure the increased transmission is associated with a stronger slit resonance, while for the optimized double-microcavity structure the increased transmission is mostly associated with improved impedance matching. In Fig. 5 we also show the transmission cross section per unit angle in the normal direction for the optimized double-microcavity structure, if the metal in the structure is assumed to be lossless [ε metal =Re(ε metal ), neglecting the imaginary part of the dielectric permittivity Im(ε metal )]. As expected, in the presence of loss, the transmission through the structure decreases. However, this decrease is relatively small due to the compact wavelength-scale size of the structures.
Conclusions
In this paper, we numerically investigated compact structures, consisting of multiple optical microcavities at both the entrance and exit sides of a subwavelength plasmonic slit, with the goal to enhance the directional transmission through the slit. Our reference structure consisted of a subwavelength slit in a metal film without microcavities. We found that for such a structure, as the slit length increases, the transmission cross section per unit angle in the normal direction exhibits peaks, corresponding to the Fabry-Perot resonances in the slit. for a subwavelength slit in a metallic film, the radiation pattern is almost isotropic.
To enhance the directional transmission through the slit, we first considered a structure with a single microcavity at each of the entrance and exit sides of the slit. With such a structure we aimed to increase both the transmission of light through the slit, as well as the directivity in the normal direction. We found that the presence of the microcavities results in significantly larger reflectivity at the sides of the slit compared to a slit without microcavities. Thus, the resonance enhancement factor is greatly increased compared to the reference slit without microcavities. On the other hand, the increased reflectivity at the sides of the slit leads to decrease of the power radiated from the slit. Overall, the use of an optimized single microcavity at the entrance and exit sides of the slit results in a slit transmission cross section which is ∼1.8 times larger than the transmission cross section of the optimized slit without microcavities. We also found that for such a structure the radiation pattern is anisotropic, and the directivity in the normal direction is ∼2.6 times larger than the one of the optimized slit without microcavities. Overall, such a structure, when optimized, results in 1.8 × 2.6 ∼4.7 times larger transmission cross section per unit angle in the normal direction compared to the optimized reference slit without microcavities.
To further enhance the transmission cross section per unit angle of the slit in the normal direction, we considered a structure with multiple microcavities at both the entrance and exit sides of the slit. We found that, unlike the optimized single-microcavity structure in which the increased transmission is associated with increased resonance enhancement in the slit, for an optimized double-microcavity structure the increased transmission is mostly associated with improved impedance matching between free-space waves and the slit mode. Such a structure enhances both the incoupling of normally incident light from free space into the slit mode, as well as the outcoupling of light from the slit mode to free-space radiation in the normal direction. The use of two optimized microcavities at the entrance and exit sides of the slit results in a slit transmission cross section which is ∼3.7 times larger than the transmission cross section of the optimized slit without microcavities. We also found that for such a structure the directivity in the normal direction is ∼4.1 times larger than the one of the optimized reference slit without microcavities. Overall, the double-microcavity structure, when optimized, results in 3.7 × 4.1 ∼16 times larger transmission cross section per unit angle in the normal direction compared to the optimized reference slit without microcavities. We also found that, while all structures were optimized at a single wavelength, the operation frequency range for high emission in the normal direction is broad.
